An important reason for the inefficient extraction of Cr(VI) from its acidic solutions into polymer inclusion membranes (PIMs), consisting of poly(vinyl chloride) as the base-polymer and Aliquat 336 as the carrier, was found to be associated with the leaching of Aliquat 336 from the PIMs into the solutions, where it subsequently reduced the anionic Cr(VI) species to cationic Cr(III) species. The PIM extraction efficiency for Cr(VI) was significantly improved by the addition of NaNO3 to the solutions, which suppressed the leaching of Aliquat 336 and the reduction of Cr(VI) to Cr(III).
Introduction
Cr(VI) is widely utilized in various fields, especially in the electroplating industry, because of its corrosion resistant properties; 1 further, it is sometimes contained in the wastewater effluents of such industries. Also, when products containing Cr(VI) are disposed of, the leaching of Cr(VI) into the environment is of concern. Since Cr(VI) is one of the most harmful metallic ions, the secure removal of Cr(VI) from contaminated water is required. In aqueous solutions, Cr(VI) is present as anionic species, such as Cr2O7 2- , HCrO4 -, and CrO4 2-. 2 Therefore Cr(VI) is often removed from aqueous solutions using anion-exchange techniques, [3] [4] [5] [6] although Cr(VI) can also be removed as Cr(III) after reduction using an appropriate reducing agent. 7, 8 In recent years, polymer inclusion membranes (PIMs) have received considerable attention as useful tools for extracting various chemical species from their aqueous solutions. 9, 10 A PIM generally consists of a base-polymer, such as poly(vinyl chloride) (PVC), and a carrier, which serves as the extractant. Its preparation is relatively easy; both the base-polymer and carrier are dissolved in an appropriate organic solvent, and then the solvent is allowed to evaporate slowly. It is also attractive that a PIM can be coated onto various materials.
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Among various carriers used in PIMs, Aliquat 336, which is a mixture of quaternary alkylammonium chlorides containing C8-C10 alkyl chains with the C8 chain dominating, is widely used for extracting anionic species, including Cr(VI) anions. [12] [13] [14] [15] [16] [17] [18] The extraction mechanism with PVC-based PIMs containing Aliquat 336 is similar to that with Aliquat 336 in liquid-liquid extraction. 19, 20 However, PVC-based PIMs containing Aliquat 336 have a disadvantage; i.e. Aliquat 336 in the PIM is leached into the solution. 21 In the extraction of Cr(VI) using a PIM containing Aliquat 336, and because Cr(VI) is a strong oxidizing agent under acidic solutions, 1 it seems possible that Cr(VI) could oxidize Aliquat 336 that is leached from the PIM. Since the cationic Cr(III) species formed by this redox reaction cannot be extracted into the PIM containing the anion-exchanger Aliquat 336, it is expected that the removal percentage, determined by the extraction of Cr(VI) from the acidic solution, should decrease.
Recently, it has been found that the leaching of Aliquat 336 from PVC-based PIMs can be considerably suppressed by the addition of NaNO3 to the aqueous feed solution. 21 In the extraction of Cr(VI), the addition of NaNO3 is expected to prevent the leaching of Aliquat 336, thus leading to suppression of the Cr(VI) reduction, resulting in an improvement in the extraction of Cr(VI). In this work, therefore, the effect of NaNO3 in the aqueous feed solution on the extraction of Cr(VI) into PVC-based PIM containing Aliquat 336 was investigated.
Experimental

Apparatus
The thickness of the PIMs was measured using a Hitachi High-Technologies Miniscope TM3030 scanning electron microscope. Deionized water, which was prepared using a Milli-Q Gradient A10 system (Merck Millipore), was used in all experiments. A Hitachi High-Technologies Z-5000 Zeeman effect atomic absorption spectrometer (flame type, FAAS) and a U-1800 spectrophotometer were used for measuring the concentrations of total Cr (T-Cr) and Cr(VI), respectively. The solution pH was measured using a Horiba F-22 pH meter.
Improvement of Chromium(VI) Extraction from Acidic Solutions Using a Poly(vinyl chloride)-based Polymer Inclusion Membrane with Aliquat 336 as the Carrier
Reagents
For preparing PIMs, high-molecular-weight PVC (Selectophore, Fluka), Aliquat 336 (Aldrich), and tetrahydrofuran (THF, dehydrated, stabilizer free, Kanto Chemical) were used. A stock solution containing 1000 mg L -1 Cr(VI) was prepared by dissolving potassium chromate (guaranteed reagent grade, Kanto Chemical) in deionized water. NaNO3 (guaranteed reagent grade) was purchased from Kanto Chemical. 1,5-Diphenylcarbonohydrazide (DPC, Kanto Chemical) was used for the spectrophotometric determination of Cr(VI). 22 The other reagents, including HNO3, H2SO4, NaOH, and acetone, were of guaranteed or analytical reagent grade.
Procedures
PIMs were prepared according to a standard procedure reported in the literature. 21, 23 A THF solution containing 3.2%(w/v) Aliquat 336 and 4.8%(w/v) PVC was prepared. The solution (10 or 4 mL) was poured into a glass ring (i.d., 75 mm) placed on a flat glass plate. After covering the glass ring with a filter paper (No. 5C, Advantec) and a watch glass, the THF was allowed to slowly evaporate at room temperature for approximately 24 h. The PIM obtained by this casting method, which was colorless and flexible, was peeled from the glass plate. A PIM containing PVC only was also prepared using a THF solution containing only 4.8%(w/v) PVC. The PIM was cut into four segments of approximately equal size. Each segment was weighed before use. The average thickness of the PIMs (mean ± standard deviation, n = 50) was 111.4 ± 2.7 μm for 10 mL casting solution and 45.5 ± 1.7 μm for 4 mL casting solution, respectively.
In an investigation of Cr(VI) extraction, a test solution was prepared by adding appropriate volumes of the stock solution of Cr(VI) and 1 mol L -1 NaNO3 solution to deionized water, and then adjusting the solution pH using HNO3 and/or NaOH solutions. The test solution (50 -500 mL) was placed into a beaker. Two segments of the PIM were immersed in the solution; the solution was vigorously stirred with a magnetic stirring bar. Aliquots of the solution (1 mL) were taken at predetermined time intervals during extraction; the concentrations of T-Cr or Cr(VI) in the solution were measured after appropriate dilution using FAAS or spectrophotometry with DPC, respectively.
In the investigation of the mass change of PIMs and the reduction of Cr(VI), two segments of a PIM were immersed for 12 h in 45 mL of 0.01 mol L -1 HNO3 (pH 1 or 2). After the PIM segment was removed from the solution and any aqueous droplets on the PIM were wiped carefully, it was dried at room temperature for 24 h and its mass was measured. The remaining aqueous solution was mixed with 5 mL of 1000 mg L -1 Cr(VI) solution under stirring. The concentrations of both T-Cr and Cr(VI) were measured. The procedure mentioned above was conducted with the immersion of PVC membrane segments that did not contain Aliquat 336.
Results and Discussion
When the extraction of Cr(VI) was conducted using a solution without NaNO3 with a PIM containing 40%(w/w) Aliquat 336 (10 mL casting solution), followed by a determination of the concentration of T-Cr in the solution after stirring for 6 h, the extraction percentage at pH 1 was 60% (Fig. 1) . As expected, the percentage increased with increasing the solution pH, and quantitative extraction was observed over a pH range of 7 -9. After stirring, the solution became cloudy. On the other hand, a different extraction behavior was observed when a solution containing 0.01 mol L -1 NaNO3 was used; quantitative extraction was obtained over the pH range of 2 -5 (Fig. 1) .
The extraction of Cr(VI) was then conducted using solutions without NaNO3 at pH 1 and 2. The relationship between the concentration of T-Cr or Cr(VI) and the extraction time is shown in Fig. 2 . The concentration of both T-Cr and Cr(VI) decreased initially; however, the concentration of T-Cr gradually increased with time. This result indicates that a fraction of Cr(VI) was reduced to Cr(III) during the extraction, and this decreased the solution, concentration of Cr(VI), thus promoting the backextraction of Cr(VI) from the PIM back into the solution where it was subsequently reduced to Cr(III). This is the most likely reason for the increase in the solution concentration of T-Cr while the concentration of Cr(VI) remained close to 0. The extraction was also conducted using a solution containing 0.01 mol L -1 NaNO3 at pH 1 and 2. As shown in Fig. 2 , the concentration of T-Cr increased to a smaller extent at pH 1, but not at pH 2. These results indicate that the reduction of Cr(VI) in the presence of NaNO3 was significantly inhibited at pH 1, while at pH 2 there was virtually no increase in the T-Cr concentration. The higher increase in the T-Cr concentration at pH 1 compared to pH 2, irrespective of the presence or absence of NaNO3, could be explained by the more efficient extraction of Cr(VI) at the higher pH value, so that less Cr(VI) was available in the solution phase for reduction to Cr(III). Table 1 gives the mass of the PIM with or without Aliquat 336 before and after immersing it into solutions without NaNO3 at pH 1 or 2 for 12 h. The mass of the PIM without Aliquat 336 was unchanged; however, that of the PIM with Aliquat 336 decreased by 2.0% for pH 1 or 2.6% for pH 2. These results indicate that Aliquat 336 was leached into the solution. The PIM was removed from the solution and the latter was mixed with a Cr(VI) solution and the concentrations of T-Cr and Cr(VI) in the combined solution were measured. When the acidic solution at pH 1 or 2 was exposed to a PIM containing Aliquat 336, the initial concentration of Cr(VI) in the combined solution decreased by 14% for pH 1 or 12% for pH 2, respectively, while the concentration of T-Cr remained unchanged and equal to the initial concentration of Cr(VI). This result indicated that Cr(VI) was reduced to Cr(III). Since the change in the initial concentration of Cr(VI) was not observed when Cr(VI) was added to the solution exposed to a PIM without Aliquat 336, and it remained equal to the concentration of T-Cr, it was concluded that Cr(VI) was reduced by Aliquat 336 leached from the PIM. On the other hand, when a solution containing 0.01 mol L -1 NaNO3 was used, the mass change of the PIM after its immersion in the solution was negligible, thus indicating insignificant Aliquat 336 leaching into the solution. 21 This fact explained the fact that the concentration of Cr(VI) did not change when Cr(VI) was added to the solution after the PIM was removed from it.
From these results, it can be concluded that the addition of NaNO3 to the Cr(VI) aqueous feed solution suppresses the leaching of Aliquat 336 from the PIM, thus minimizing, or even eliminating, the reduction of Cr(VI) to Cr(III). Therefore, the addition of NaNO3 to acidic solutions containing Cr(VI) improves the efficiency of Cr(VI) extraction into PIMs containing Aliquat 336.
The potential of the PIM containing Aliquat 336 for the extraction of Cr(VI) from a solution containing 0.01 mol L -1 NaNO3 at pH 2 was investigated. The extraction percentages were more than 92% when the extraction was conducted from solutions containing 10 -100 mg L -1 Cr(VI) after stirring for 6 h. For 150 and 200 mg L -1 Cr(VI) solutions, the corresponding concentrations decreased with increasing the extraction time and reached an equilibrium values within 24 h with extraction percentages of 93 and 91%, respectively. In a solution at pH 2, HCrO4 -is the predominant species, 2 and it is extracted into the PIM containing Aliquat 336 based on anion exchange. 9, 10 The mole ratio of Cr(VI) extracted to Aliquat 336 in the PIM increased with increasing the initial concentration of Cr(VI) in the solution; the ratio was 0.53 in 200 mg L -1 Cr(VI) solution. Table 2 shows the effect of solution volume on the extraction of Cr(VI) from solutions containing 100 mg L -1 Cr(VI) and 0.01 mol L -1 NaNO3. When the extraction was conducted for 24 h from 200 or 500 mL of solutions under stirring into PIMs prepared with 10 mL of a casting solution, the amount of Cr(VI) extracted was similar for mole ratios of Cr(VI) extracted to Aliquat 336 of 0.58 and 0.66, respectively. The mole ratio increased with decreasing the thickness of the PIM, although the extracted amount of Cr(VI) decreased (Table 2 ). These results indicated that for 24 h of extraction time the thinner PIM was loaded with Cr(VI) to a greater extent than the thicker PIM, thus exhibiting a greater extraction efficiency.
The initial flux values in the cases of 50 mL of 100 mg L -1
Cr(VI) solutions and PIMs casted with 4 and 10 mL casting solutions were calculated by a method proposed by St John et al.; 24 as expected, similar values for the two types of PIMs were obtained, i.e. 8.0 × 10 -3 and 8.6 × 10 -3 mmol m -2 s -1 for PIMs prepared by 4 and 10 mL of casting solutions, respectively.
On the basis of the obtained results, it can be concluded that efficient extraction of Cr(VI) into Aliquat 336 containing PVCbased PIMs can be achieved by using thinner PIMs, and by the addition of NaNO3 to the aqueous feed solution to stabilize the PIMs, and thus preventing Aliquat 336 from leaching into the solution where it can reduce Cr(VI) to Cr(III). PIMs can be easily coated onto various materials. It has been reported that a PIM coated on glass beads and packed into a glass tube was applicable to the on-line preconcentration of thiocyanate. 11 A similar approach for the extraction of Cr(VI) is currently under investigation by the authors.
